Bacteriophages (phages) typically exhibit a narrow host range, yet they tremendously impact horizontal gene transfer (HGT). Here, we investigate phage dynamics in communities harboring phage-resistant (R) and sensitive (S) bacteria, a common scenario in nature. Using Bacillus subtilis and its lytic phage SPP1, we demonstrate that R cells, lacking SPP1 receptor, can be lysed by SPP1 when co-cultured with S cells. This unanticipated lysis was triggered in part by phage lytic enzymes released from nearby infected cells. Strikingly, we discovered that occasionally phages can invade R cells, a phenomenon we termed acquisition of sensitivity (ASEN). We found that ASEN is mediated by R cells transiently gaining phage attachment molecules from neighboring S cells and provide evidence that this molecular exchange is driven by membrane vesicles. Exchange of phage attachment molecules could even occur in an interspecies fashion, enabling phage adsorption to non-host species, providing an unexplored route for HGT.
INTRODUCTION
Bacteriophages (phages) are probably the most abundant and bio-diverse entities in nature, often exceeding bacterial densities by an order of magnitude (Suttle, 2007) . Being predators of bacteria, phages have a tremendous impact on shaping the structure of bacterial communities by diminishing specific populations and enabling others to flourish (Díaz-Muñ oz and Koskella, 2014) . Furthermore, phages serve as one of the most extensive mediators of horizontal gene transfer (HGT), as they modify bacterial genomes through integration of temperate phages into the host chromosome and transfer of DNA by transduction. The latter is a process whereby phages occasionally package host DNA during infection and subsequently deliver it to another bacteria (Calender, 2006; Suttle, 2007; Thomas and Nielsen, 2005) .
The biology of phage infection has been extensively studied since the beginning of the 20 th century (Salmond and Fineran, 2015; Twort, 1915) . In general, phages are known to adopt two infection strategies, lytic and lysogenic. During lytic infection, the phage exploits the host machineries and resources for its own replication, culminating in lysis of the host bacterium. Lysogenic infection, on the other hand, carried out by temperate phages, is characterized by integration of phage DNA into the bacterial chromosome. This latent form of a phage, termed prophage, enables the vertical transmission of the phage DNA during host replication and cell division. Upon detection of host cell damage, the prophage can excise from the bacterial chromosome to commence a lytic cycle (Calender, 2006) . The typical infection cycle of a lytic phage is initiated by attachment to the host receptor, which is followed by injection of DNA into the host cytoplasm, replication of the phage genome, biosynthesis of phage components, and assembly of phage particles. Finally, the release of mature phages is accomplished by phage-encoded holin proteins that disrupt the cell membrane, enabling the phage lytic enzymes (lysins) to degrade the host peptidoglycan (Calender, 2006) . Phages contribute to HGT among species, yet they are considered specific to their host, as most phages can only infect a limited set of strains within a bacterial species, though polyvalent phages also exist (Koskella and Meaden, 2013; Paez-Espino et al., 2016) . Phage confinement is primarily determined by the specificity of adsorption and the presence of the appropriate receptor on the bacterial cell surface (Rakhuba et al., 2010) .
SPP1 is a well-established model system for lytic phages infecting the Gram-positive soil bacterium Bacillus subtilis (B. subtilis) . SPP1 is a double-stranded DNA (dsDNA) phage (44 kb), member of the Siphoviridae family, characterized by noncontractile tails (Alonso et al., 1997) . Host infection is initiated by reversible binding of the SPP1 tail tip to poly-glycosylated teichoic acids (gTA), which are anchored in the membrane via a glycolipid or covalently attached to the peptidoglycan (Brown et al., 2013) . Subsequently, SPP1 binds irreversibly to the membrane protein YueB, and this specific interaction triggers a cascade of events, resulting in DNA injection into the cytoplasm (Sã o-José et al., 2004 , 2006 ). An additional wellstudied B. subtilis dsDNA lytic phage is phi29 (19.3 kb) from the Podoviridae family, which is composed of phages containing a short noncontractile tail (Ackermann, 1998; Salas, 2012) . Host adsorption and infection by phi29 was shown to be dependent on intact gTA (Young, 1967) . gTA was found to be a crucial surface component, required for invasion by various phages, among them SPO1, representing a large and diverse group of Myoviridae bacteriophages, harboring a long contractile tail. (A) A table summarizing the different R strains used in this study and their phage susceptibility. For phi29 and SPO1, sensitivity and adsorption are identical. Resistant strains were constructed by deleting the indicated genes to avoid reversions. (B and C) R1 (DyueB::tet; ET6) cells were grown alone or in a mixture with S (PY79) cells (R1:S 1:10) for 2 hr. Next, SPP1 phage was added (t = 0) and cell growth followed by OD 600 (B) and tet R colony forming unit (CFU) (C) . Shown are average values and SD of three independent experiments.
SPO1 is a large virulent phage (132.6 kb) that exhibits a complex infection cycle, involving the subversion of the host transcription machinery for its own use (Hoet et al., 1992) . Because bacteria in nature reside mostly in multispecies communities (e.g., Kolenbrander et al., 2010) , infecting phages are likely to encounter heterogeneous populations of phageresistant (R) and sensitive (S) cells. However, the fate of phages in complex bacterial communities resembling their natural ecosystem has not been studied at the cellular level. Here, we follow phage dynamics in mixtures of S and R bacteria, utilizing B. subtilis and its lytic phage SPP1 as our primary model system (Alonso et al., 1997) . We discovered that R cells, lacking the SPP1 receptor, could be invaded by the phage when grown together with S cells. This phenomenon was not restricted to SPP1 and was also observed for phi29 and SPO1 lytic phages. Phage invasion into R cells was mediated, at least in part, by phage attachment molecules delivered from S to R cells, transiently turning R into ''S'' cells. We provide evidence that this molecular transfer involves membrane vesicles (MVs) released from S cells. The exchange of phage receptors can occur in an interspecies manner, thus facilitating the attachment of phages to non-host species.
RESULTS

R Cells Can Be Lysed by Phages when Co-cultured with S Cells
To investigate the biology of phage infection in complex bacterial communities, we mixed cells lacking the SPP1 receptor gene yueB, which are resistant (R1) to infection (Sã o-José et al., 2004; Figure 1A) , with wild-type cells harboring the intact receptor (S) at 1:10 ratio, respectively. At mid-logarithmic phase, the culture was infected with SPP1 and optical density 600 (OD 600 ) and colony forming units (CFUs) were followed. The viability of R1 cells in the mixed culture clearly decreased after infection, even though pure R1 cells infected by phages grew normally, as expected ( Figures 1B and 1C) . The reduced viability of R1 cells correlated with the increased proportion of S cells within the mixture ( Figure 1D ). When R1 cells were inoculated directly into SPP1 lysate, no growth inhibition was detected (Figure S1A) , suggesting that the presence of intact S cells mediates the observed effect. To directly visualize the lysis of R1 cells in real time, S cells were co-incubated with GFP-labeled R1 cells and phages were added to the mixture. As expected, lysis of GFPexpressing R1 cells was readily monitored (Figure 1E ), substantiating our previous results. Importantly, this phenomenon was not restricted to SPP1 but was also observed for the B. subtilis lytic phages phi29 and SP01, infecting mixtures of their corresponding S and R cells ( Figures S1B-S1E ).
Local Release of Phage Lysins Is Involved in R Cell Lysis Purified phage lysis proteins were shown to lyse cells from the outside, even in an interspecies manner, a process termed ''lysis from without'' (LO) (Abedon, 2011; Fischetti, 2005; Nelson et al., 2006) ; however, the extent of this phenomenon during infection has been mostly neglected. To investigate whether LO plays a role in the infection process, we mixed S cells with cells lacking DNA (Elbaz and Ben-Yehuda, 2015) , which cannot support phage propagation (Figure 1F) , and therefore, their lysis reports LO. Evidently, lysis of DNA-less cells (DLCs) was monitored following phage addition (Figures 1G and S2A) , suggesting that similarly LO contributes to R1 lysis. To directly visualize lysin release from S cells during phage development, we constructed an SPP1 phage harboring SPP1 lysin (gp51) fused to yellow fluorescent protein (YFP; C-terminal fusion) as a sole lysin copy (SPP1-lysin-yfp ). This modified phage was indistinguishable from wild-type, displaying normal infection kinetics and plaque formation ( Figures S2B and S2C) . Following S cells infected with SPP1-lysin-yfp in real time showed that fluorescence from infected cells increased during phage development ( Figure 1H ; Movie S1). In line with the process of LO, upon cell lysis, the labeled protein was observed to bind the surface of non-infected neighboring cells, frequently correlating with their lysis ( Figure 1H ). To further validate the ability of the lysin protein per se to induce LO, we introduced the lysin-SPP1 -yfp fusion into the B. subtilis chromosome under an inducible promoter. Induction of the fusion protein within the host cytoplasm had no significant effect on bacterial growth and division ( Figure S2D ; data not shown). Next, we induced lysin release by treating the cells with chloroform, which damages the plasma membrane. This procedure mimics the action of the phage holin protein, which enables the lysin to cross the membrane and reach its peptidoglycan target (Young, 1992) . Visualizing lysin released from producer cells revealed that the protein could bind to nearby cells, ultimately resulting in their lysis ( Figures S2E-S2G) . Notably, R cells incubated in S lysate were able to grow (Figure S1A) , suggesting (D) R1 (ET6) cells were grown alone or in a mixture with S (PY79) cells at different R1:S ratios (1:1, 1:10, and 1:100) for 2 hr. Next, SPP1 phage was added (t = 0), and cell growth was followed by OD 600 . Shown are (OD 600 [mixture]/OD 600 [R cells grown alone]) at t = 180 min of infection. Shown are average values and SD of three independent experiments. (E) R1 (ET616) cells harboring P rrnE -gfp were mixed with S (PY79) cells (R1:S 1:5), SPP1 phage was added (t = 0), and cells were followed by time-lapse microscopy. Shown are overlay images of phase contrast (blue) and GFP fluorescence from R1 cells (green) captured at the indicated time points. (F) ME187 (Pxyl-yqcG and DyqcG) cells were grown to OD 600 0.4 and then YqcG endonuclease was induced by xylose for 45 min to produce DLCs. Next, SPP1 phage was added (t = 0) and cell growth followed by OD 600 . A parallel infection of S (PY79) cells by SPP1 served as a control. Shown are average values and SD of three independent experiments. (G) S (AR16) cells harboring P rrnE -gfp were mixed with DLCs produced as in (F) (DLC:S 1:5), SPP1 phage was added (t = 0), and cells were followed by time-lapse microscopy. Shown are overlay images of phase contrast (blue) and GFP fluorescence from S cells (green) captured at the indicated time points. Arrows indicate lysis of DLCs. (H) S (PY79) cells were infected by SPP1 -lysin-yfp (t = 0) and followed by time-lapse microscopy. Shown are overlay images of phase contrast (blue) and fluorescence from lysin-SPP1 -YFP (green) captured at the indicated time points. Arrows indicate lysin-SPP1 -YFP accumulation around non-infected cells, marking their circumference and septal regions, and the subsequent cell lysis. The scale bars represent 1 mm. See also Figure S1 . that lysin activity rapidly decreases. Nevertheless, both S and R cells were sensitive to purified lysin-SPP1 added from outside ( Figure S2H ). Thus, we conclude that most R1 lysis events are likely mediated by lysin released from S cells during phage burst.
To explore the impact that the LO phenomenon might have on natural multispecies communities, we mixed B. subtilis-producing lysin-SPP1 -YFP with three other Bacilli species and with Staphylococcus aureus, all insensitive to SPP1. The lysin protein was then released by chloroform addition and lysis of the inspected strains followed by OD 600 . Lysin-SPP1 -YFP was able to efficiently lyse B. pumilus and B. atrophaeus, whereas B. cereus and Staphylococcus aureus remained intact (Figure 2A ). Consistently, infecting co-cultures of B. subtilis and B. atrophaeus with SPP1-lysin-yfp phage resulted in binding of the lysin protein to B. atrophaeus, causing massive lysis of the SPP1-resistant strain (Figure 2B) , whereas no lysis of B. cereus co-cultured with B. subtilis took place during infection (Figure 2C) , as shown by time-lapse microscopy. These results demonstrate that lysis of R cells occurs in an interspecies manner, highlighting the potential impact of LO on multispecies communities in nature.
Phages Can Invade R Cells when Co-cultured with S Cells Surprisingly, closer investigation of SPP1-lysin-yfp infection in mixed R1 and S populations revealed that occasionally R1 cells were actually invaded by phages, as indicated by the expression of lysin-SPP1 -YFP inside R1 cells ( Figures 3A and 3B ). In comparison, inspecting SPP1-infected R1 cells grown alone ($10,000 cells) did not yield any detectable event of phage invasion, thus ruling out the possibility of infection by an additional unknown receptor. It was challenging to quantify the frequency of the actual SPP1 invasion events into R1 cells, as R1 cells continued to grow throughout the experiment. Interestingly, phage invasion into R cells was more pronounced at late stages of infection, after lysis of the majority of S cells (see below). Next, we constructed B. subtilis cells producing the SPP1 major tail protein GP17.1 (Auzat et al., 2008) fused to GFP. Upon SPP1 infection, we could monitor a change in localization of the fusion protein from a cytoplasmic diffused pattern into discrete foci ( Figures 3C and S3A ). SPP1 as well as several other phages were shown to localize into foci-like domains during infection, possibly reflecting phage replication centers (Edgar et al., 2008; Jakutyt _ e et al., 2011) . Infection of a mixed R1 and S population with SPP1 resulted in formation of foci in R1 cells, followed by cell lysis ( Figure 3D ). To further substantiate our results, we conducted similar experiments using SPP1-delX110lacO64 phage, which contains 64 repeats of lacO (Jakutyt _ e et al., 2011) , that was utilized to infect a mixture of S and R1, both carrying chromosomally expressed lacI-cfp. The existence of phage DNA within the host cytoplasm was detected by the formation of LacI-CFP foci (Figure 3E; Jakutyt _ e et al., 2011 ) that were evident within R1 cells ( Figures 3F and 3G ). The detection of phage DNA within R cells was further corroborated using fluorescence in situ hybridization (FISH) analysis with probes corresponding to SPP1 DNA ( Figures S3B and S3C) .
A possible scenario that could affect our results is generation of SPP1 mutant phages that could somehow infect R1 cells. To (C) S (ET7) cells harboring P xyl -gfp-gp17.1 were infected by SPP1 (t = 0) and followed by timelapse microscopy. Shown are images from overlay of phase (blue) and GFP-GP17.1 (green) taken at t = 10 min (1), t = 25 min (2), t = 45 min (3), and t = 60 min (4). Arrows follow the formation of GFP-GP17.1 foci upon infection and the subsequent cell lysis. (D) R1 (ET67) cells harboring P veg -mCherry and P xyl -gfp-gp17.1 were grown in a mixture with S (ET7) cells (R1:S 1:5) for 2 hr. Next, SPP1 phage was added (t = 0) and cells were followed by time-lapse microscopy. Shown are images from overlay of phase (blue), mCherry fluorescence from R1 cells (red; upper panels), and GFP-GP17.1 (green; lower panels) taken at t = 60 min (1), t = 65 min (2), and t = 85 min (3) of incubation. Arrows highlight mCherry-labeled R1 cells infected by SPP1, as indicated by formation of the GFP-GP17.1 foci, and the consequent cell lysis. (E) S (ET3) cells harboring lacI-cfp were visualized before (upper panel) and 10 min after (lower panel) SPP1-delX110lacO64 infection. Shown are images from overlay of phase contrast (blue) and LacI-CFP (green). (F and G) R1 (ET63) cells harboring lacI-cfp were grown in a mixture with S (ET31) cells harboring lacI-cfp and P veg -mCherry (R1:S 1:5) for 2 hr. Next, SPP1-delX110lacO64 phage was added (t = 0) and cells were followed by time-lapse microscopy. (F) and (G) are two examples of images from overlay of phase (blue), LacI-CFP (green), and mCherry fluorescence from S cells (red) taken at t = 120 min (1) and t = 135 min (2). Red arrows indicate an S cell infected by SPP1. Blue arrows indicate a newly formed LacI-CFP focus in an R cell (F) . Yellow arrows highlight an R cell infected by SPP1 (G 1 ) and its consequent lysis (G 2 ). The scale bars represent 1 mm. See also Figure S3 . exclude this possibility, we infected a mixture of S and R1 cells with SPP1 and utilized the lysate to re-infect a fresh S and R1 mixture. We repeated this cycle five times in quadruplicates but failed to isolate a phage capable of infecting R1 cells, as judged by plaque assay (data not shown).
We next wished to explore whether invasion into R cells is displayed by other phages, such as phi29. To this end, we constructed a B. subtilis strain expressing GFP fused to the phi29 major capsid protein GP8. Upon phi29 infection, protein localization was changed from diffused into foci pattern (Figure 4A) . Using this approach, the invasion of phi29 into its corresponding R cells (DgtaB henceforth, R2; Figure 1A ), when mixed with S cells, was monitored (Figures 4B and 4C) , thus showing that this unusual invasion is widespread for B. subtilis phages. We termed this phenomenon of R cells infected by phages in mixed cultures ''ASEN'' for acquisition of sensitivity. (A) S (ET9) cells harboring P xyl -gfp-gp8 phi29 were infected with phi29 and followed by timelapse microscopy. Shown are images from overlays of phase (blue), GFP-GP8 phi29 (green; upper panels), and fluorescence form GFP-GP8 phi29 (lower panels) taken at t = 5 min (1), t = 30 min (2), and t = 45 min (3). (B and C) R2 (DgtaB; ET39) cells harboring P vegmCherry and P xyl -gfp-gp8 phi29 were grown in a mixture with S (ET9) cells harboring P xyl -gfpgp8 phi29 (R2:S 1:5) for 2 hr. Next, phi29 phage was added and cells were followed by time-lapse microscopy. Shown are images from overlay of phase (blue), GFP-GP8 phi29 (green), and mCherry fluorescence from R2 cells (red) taken at t = 150 (1), t = 170 min (2), and 180 min (3) of incubation. (B) and (C) show two examples of infected R2 cells. Green arrows indicate S cells infected by phi29 that are subsequently lysed. Yellow arrows highlight R2 cells infected by phi29, as indicated by the formation of the GFP-GP8 phi29 foci, and the subsequent cell lysis. Blue arrows indicate newly formed GFP-GP8 phi29 foci in an R2 cell, with a fluorescence signal increasing over time. The scale bars represent 1 mm.
ASEN Mediates Transduction into and from R Cells
Because ASEN actually involves phage invasion, it could potentially facilitate transduction and consequently HGT events in complex communities in nature. To examine this possibility, we tested the ability of R1 cells to acquire new genetic material via transduction. We took advantage of a plasmid (pBT163) containing an antibiotic-resistant gene and the SPP1 packaging signal, which elevates the level of transduction events ($5% transducing phages; Deichelbohrer et al., 1985) . B. subtilis cells carrying pBT163 were infected with SPP1, and the obtained lysate was employed to infect a mix of S and R1 population. Indeed, transduction into R1 cells could be detected only when they were co-cultured with S cells ( Figure 5A ). Although only a small fraction of the R1 population was transduced ($6.6 3 10 À8 ) in comparison to S cells ($1.5 3 10 À3 ), the results were highly reproducible. To exclude the possibility that transduction into R1 involves prophage induction, transduction with lysates derived from a strain lacking all known B. subtilis prophages was monitored, and similar results were obtained (Kidane et al., 2009 ; Figure S4A ). Importantly, colonies of R1 cells transduced by the phage remained resistant to SPP1 (Figure S4B) , demonstrating that ASEN is a transient non-genetic phenomenon, possibly mediated by transfer of protein and/or mRNA molecules. Consistent with phage transduction into R1 cells, a lysate derived from R1 cells carrying pBT163 mixed with S cells lacking the plasmid enabled plasmid transduction into S cells ( Figure 5B ). In a similar manner, we could also monitor transduction of genomic DNA derived from R1 cells ( Figure S4C ). To eliminate DNA acquisition by mode of transformation, the above experiments were all conducted in the presence of DNaseI. Furthermore, comparable results were obtained when testing the occurrence of these transduction events in strains lacking the major competence state regulator comK (van Sinderen et al., 1995; Figures S4D and S4E) .
Exchange of Phage Attachment Components Mediates ASEN
A potential mechanism that could underlie ASEN is acquisition of phage receptor from S cells. Consistent with this premise, overexpressing the SPP1 receptor YueB in S cells resulted in $4-fold increase in the frequency of transduction events into R1 cells ( Figure 5C ), whereas the overall infection kinetics was similar to wild-type (efficiency of plating = 1.02; Figure S4F ). To directly demonstrate transfer of receptor proteins between neighboring cells, we carried out fluorescence recovery after photobleaching (FRAP), utilizing a strain harboring YueB-YFP. Cells incubated on a solid surface for 1 hr were subsequently treated with an antibiotic to eliminate the synthesis of new protein molecules, and FRAP analysis was performed (Figure S5A ). Recovery of the irradiated cells was clearly detected within a few minutes ( Figures 6A1 and S5B ), indicating that new receptor molecules were provided by nearby cells.
No fluorescence recovery was observed when cells lacking close-by neighbors were irradiated ( Figures 6A2 and S5B) . These results are consistent with the view that proteins, rather than mRNA molecules, are being exchanged among neighbors. Notably, addition of antibiotic to the cells before incubation eliminated fluorescence recovery, suggesting that protein synthesis is required to establish connections among the cells, enabling molecular exchange ( Figures S5C and S5D ). Because gTA components are required for phage attachment of many B. subtilis phages, including SPP1, phi29, and SPO1 (Baptista et al., 2008; Young, 1967) , we next employed labeled concanavalin A (ConA), a lectin which binds specifically to gTA (Baptista et al., 2008) , to further investigate surface molecular exchange. Indeed, ConA was observed to bind wild-type S cells, but not R2 (DgtaB; Figure 1A ) cells that are deficient in synthesis of gTA ( Figure 6B) . Further, ConA cell surface localization was found to be dynamic, as monitored by FRAP analysis ( Figures S5E and S5F ). Consistent with the idea that phage attachment molecules are exchangeable among neighboring cells, when S and R2 cells were grown in a mixture, a small sub-population of R2 cells exhibiting significant ConA staining was detected by flow cytometry as well as by fluorescence microscopy ( Figures 6C-6E ).
Evidence that Membrane Vesicles Mediate Exchange of Cell Surface Components
Next, we wished to explore the mechanism for exchange of surface molecules facilitating ASEN. We have previously shown that intercellular cytoplasmic molecular exchange in B. subtilis is mediated by nanotube structures (Dubey and Ben-Yehuda, 2011; Dubey et al., 2016) . However, a mutant in the ymdB gene, perturbed in nanotube formation (Dubey et al., 2016) , did not affect the frequency of transduction into and from R cells or receptor transmission as determined by FRAP (data not shown). An additional mechanism underlying bacterial intercellular molecular exchange involves shedding of MVs, which can fuse with both prokaryotic and eukaryotic cells (Brown et al., 2015; Mashburn-Warren and Whiteley, 2006; Schertzer and Whiteley, 2013) . MVs have been characterized thoroughly in B. subtilis and were found to be abundant (e.g., Brown et al., 2014 and Konings, 1975) . To investigate whether MVs facilitate ASEN, we isolated MVs from growing B. subtilis cells overexpressing YueB-YFP ( Figure 6F1 ). Immuno-high-resolution scanning electron microscopy (HR-SEM) analysis revealed the presence of YueB receptor on some of the MVs (Figures 6F2 and 6F3) . To substantiate that MVs harbor intact phage receptors, we added SPP1 phages to purified MVs. Transmission electron microscopy (TEM) analysis evidenced SPP1 attachment to MVs (Figure 6G) . Similarly, intimate attachment of phi29 to MVs was observed (Figure 6H) .
If MVs mediate ASEN, the addition of MVs derived from S cells should facilitate R cell susceptibility to SPP1 invasion. Indeed, transduction into R1 cells was detected upon pre-incubation with MVs purified from S cells, but not with MVs purified from R1 cells ( Figure 6I ). Explosive cell lysis by phage endolysin has A) Cells (ET13) harboring P hyper-spank -yueB-yfp were grown in the presence of IPTG, spotted on LB+IPTG solid medium, and incubated for 1 hr to enable the formation of cell-to-cell interactions. Next, Cm was added to block protein synthesis, i.e., new molecules of YueB-YFP, and cells were incubated for an additional hour before subjected to FRAP analysis. Shown are images from YFP signal before and after photobleaching, captured at the indicated time points (1). As a control, a similar analysis was performed on isolated cells lacking close-by neighbors (2). The scale bar represents 1 mm. (B) S (PY79) cells (left panel) and R2 (DgtaB; ET30) cells (right panel) were stained with ConA-Alexa 488 for detection of gTA. Only S cells were positively stained. Shown are overlays of phase contrast (blue) and signal from ConA staining (green). The scale bar represents 1 mm. (C) R2 (ET316) cells harboring P rrnE -gfp were grown alone or in a mixture with S (BDR2637) cells harboring P veg -mCherry on LB plates for 4 hr. Next, cells were removed from the plates, stained with ConA-Alexa Fluor 647, and subjected to flow cytometry analysis. Shown is Alexa Fluor 647 fluorescence from mCherrylabeled S cells (1) and GFP-positive and mCherry-negative R cells grown alone (2) or in a mixture with S cells (3). Squares highlight the ConA-positive population. Shown is a representative experiment out of three biological repeats. (D) A quantification of R2 (ET316) GFP-positive, mCherry-negative, ConA-stained population obtained by flow cytometry as in (C) . Shown are average values and SD of three independent experiments. (E) R2 (DgtaB; ET32) cells harboring P veg -mCherry were grown in a mixture with S (PY79) cells on LB plates for 4 hr. Next, cells were removed from the plates, suspended in PBS31, stained with ConA-Alexa 488, and observed by fluorescence microscopy. Shown are overlay of phase contrast (blue) and mCherry fluorescence from R2 cells (red; 1), signal from ConA staining (green; 2), and overlay of signals from mCherry (red) and ConA staining (green; 3). Arrows highlight R2 cells exhibiting ConA staining. The scale bar represents 1 mm. (F) Cells (ET13) harboring P hyper-spank -yueB-yfp were grown in the presence of IPTG to OD 600 1. Next, MVs were purified and subjected to immuno-gold SEM using primary antibodies against GFP and secondary gold-conjugated antibodies. Shown are HR-SEM image (330,000) of a field of MVs (MV average size was 190 nm), scale bar 1 mm (1), HR-SEM image (3150,000) of immuno-gold labeled MVs highlighted by arrows, scale bar 250 nm (2), and quantification of immuno-gold positive MVs purified from ET13 or PY79 (control) out of at least 800 MVs for each sample (3). Shown are average values and SD of two independent experiments. (G) Purified MVs derived from ET13 cells were mixed with purified SPP1 phages, incubated for 15 min at 37 C, and subjected to TEM analysis. Shown are TEM images of SPP1 phage attached to a single MV (340,000; 1) and several phage tails adhered to the same position of a single MV (350,000; 2). Of note, in some of the attached phages, the phage head was detached from the tail. (E) . Quantification was performed as described in (D) .
(legend continued on next page) been shown to boost MV production (Turnbull et al., 2016) . Consistent with this finding, lysate of wild-type S cells efficiently induced R1 transduction, with lysate of S cells overexpressing YueB exhibiting higher transduction frequency ( Figure 6J ). The addition of chloroform, known to disrupt membranes, abolished the formation of transductant R colonies (data not shown), further substantiating the involvement of MVs in the process. Importantly, in these experiments transduced R1 cells remained resistant to SPP1 ( Figure S5G ). In line with this view, the aforementioned observation that phage invasion into R cells occurs predominantly after lysis of the majority of S cells (Figures 3  and 4) can be explained by the fact that, at this stage, lysed S cells contribute to the pull of MVs harboring phage receptors.
Exchange of Phage Attachment Components Mediates Phage Binding to Non-host Species
If indeed ASEN is mediated by exchange of phage receptors, phages should bind R cells lacking both gtaB and yueB genes (R3; Figure 1A ). To test this prediction, we labeled SPP1 with DNA dyes and visualized the ability of phages to bind S cells, R3 cells, and a mixture of both with and without prior co-incubation. As expected, phages efficiently localized to the surface of S cells, whereas no binding was observed for R3 cells in a pure culture. However, phages attached to R3 cells were observed in the mixed culture following co-incubation ( Figures 7A and  7B ). As gTA molecules are essential for phi29 and SPO1 infection ( Figures 1A, S1B , and S1C), we next examined binding of labeled phi29 and SPO1 phages to R2 cells in mixed cultures. Similarly to SPP1, phi29 and SPO1 were seen to attach to R2 cells only when co-cultured with S cells (Figure S6 ). These results strongly support the model that at least part of the ability of phages to invade R cells is mediated by exchange of surface components, i.e., receptor molecules provided by S cells. We propose that ASEN can occur not only between B. subtilis S and R cells but also between different species. If true, ASEN could account for HGT events among different species in nature. To explore this possibility, we examined whether surface molecules can be delivered from B. subtilis to the pathogenic bacterium B. cereus, as the latter cannot naturally be infected by SPP1. Conducting flow cytometry and fluorescence microscopy analyses with labeled ConA revealed a small sub-population of B. cereus that was clearly stained with ConA exclusively following co-incubation, evidencing exchange of surface molecules ( Figures S7A-S7D ). In line with this notion, both SPP1 and phi29 phages acquired the capability to bind B. cereus only when co-incubated with susceptible B. subtilis ( Figures  7C-7F) . Further, when cells of B. amyloliquefaciens, a close relative of B. subtilis that is sensitive to SPP1 (Figure S7E ), were grown in a mixture with B. subtilis R3 cells, SPP1 acquired the capability to bind R3 cells ( Figures 7G and 7H ). These findings indicate exchange of phage attachment molecules among different species, a process that potentially facilitates invasion of phages into non-host species in nature. Although additional factors, such as restriction methylation systems (Labrie et al., 2010) , might limit phage infection, receptor recognition can be an important factor, providing the initial step in phage adaptation to new hosts.
DISCUSSION
In this study, we show that the presence of a phage-sensitive population within a bacterial community could dramatically impact population dynamics. We observed that lysin released from S cells could lyse neighboring R cells using LO mechanism. Furthermore, we show that phages can occasionally invade R cells, a newly revealed phenomenon we termed ASEN. The invasion of phages into R cells, mediated by their S neighbors, fundamentally extends the current definition of phage resistance and sensitivity. We assume that ASEN has potential to facilitate transduction and consequently HGT among different bacterial species, thereby having a major and global impact on an evolutionary scale.
The massive cell lysis of R cells, observed in our experiments due to lysin release (>50% of R cells; Figure 1D ), indicates that the existence of S populations in multispecies communities in nature could have major implications on R species residing in the same niche. LO by phage endolysins (Abedon, 2011 ) is being appreciated in recent years as a strategy to eradicate Grampositive bacteria, primarily by using recombinant lysin proteins (Fischetti, 2005; Schmelcher and Loessner, 2016) ; however, the role of LO during phage infection has been generally overlooked. The high affinity of phage lysins to the bacterial cell wall led to the reasonable assumption that the enzymes remain tethered to cell debris and thereby cannot influence nearby cells (Catalã o et al., 2013) . Furthermore, lysis of close-by cells seems counter-adaptive to phage fitness, as it damages potential hosts (Catalã o et al., 2013) . In light of our results, we speculate that LO is widespread during normal phage infection, rather than an exceptional event. Cell lysis by phages is known to influence various ecological niches, e.g., host microbiome (Manrique et al., 2016) . It is tempting to speculate that indirect lysis of R cells by lysin release could affect such complex microbial communities.
The unexpected findings that occasionally phages invade R cells and can attach to the surface of non-host cells raises the possibility that such a mechanism facilitates transduction events among species by a plethora of phages, even by those having a narrow host range. Such multispecies transductions could prime HGT and consequently bacterial genome evolution. ASEN, based on transduction assays, is estimated to occur in a range between 0.05% (transduction into R cells/transduction into S cells) and 0.5%, when the receptor is overexpressed (Figure 5) . SPP1 binding to R cells is estimated to occur in the range of 0.7%-1.7%. However, binding does not necessarily reflect (G) SPP1 was stained with the DNA dye SYTOX orange, and phage binding to B. amyloliquefaciens cells, B. subtilis R3 cells harboring P rrnE -gfp (ET362), and a mixture of B. amyloliquefaciens and B. subtilis R3 pre-incubated for 2 hr was monitored. Shown are images from overlay of phase (blue), GFP fluorescence from B. subtilis (green), and SYTOX orange of stained SPP1 phages (red). Arrow highlights SPP1 attachment to B. subtilis R3 cell. (H) Quantification of phage adsorption to B. subtilis R3 cells for the experiment described in (G) . Quantification was performed as described in (D) . The scale bars represent 1 mm. See also Figures S6 and S7. productive infection, as the gTA transfer per se can lead to phage binding. Although ASEN frequencies are relatively low, their impact in nature could be very significant. It has been shown that, in some occasions, phages can transduce hosts unable to support plaque formation (Chen and Novick, 2009; Kenzaka et al., 2010) . In the present study, we enlarge this view by providing the first demonstration of a mechanism by which bacteria entirely resistant to a given phage become susceptible to this phage upon co-incubation with sensitive bacteria. Phage invasion into R cells could have a major impact on transfer of antibiotic resistance and virulence genes among bacteria. This aspect should be carefully considered when employing phage therapy, as phage infection of a given species may result in gene transmission into neighboring bacteria resistant to the phage.
The mechanism propelling ASEN involves exchange of surface molecules among close-by cells. Here, we provide evidence that MVs released from S cells harbor phage receptors and mediate this intercellular molecular trade. In addition to natural MV release, the dramatic increase in MV formation following cell lysis by phages (Turnbull et al., 2016) could further stimulate phage spread and invasion. MVs, first visualized decades ago by electron microscopy, are features of both Gram-positive and negative bacteria (e.g., Ghosh and Carroll, 1968; Hoekstra et al., 1976; Konings and Kaback, 1973, and Matin and . Purification and characterization of MVs has uncovered that they harbor proteins, such as metabolic enzymes, virulence factors, metabolites, signaling molecules, and even genomic DNA fragments, highlighting their importance in nature (e.g., Biller et al., 2014; Brown et al., 2015; Konings, 1975; Lee et al., 2008; Whiteley, 2005, and Rivera et al., 2010) . MVs released by marine cyanobacteria were shown to be a major feature of marine ecosystems and were suggested to play a role in defending bacteria against phage infection by sequestration of phages to MVs harboring phage receptors (Biller et al., 2014) . Here, we propose a complementary view in which MVs provide a vehicle for spreading of phage receptors. Furthermore, phages are capable of injecting their DNA into minicells, which are similar to MVs (Reeve and Cornett, 1975) . It is tempting to speculate that MVs carrying the injected phage DNA might fuse with new hosts, further facilitating phage spreading. Notably, in this study, we did not find evidence for the involvement of intercellular nanotubes in ASEN. It is possible that nanotubes are mainly involved in delivering cytoplasmic rather than surface molecules or that nanotubes are crucial for molecular deliveries mainly at low cell densities. The ability of bacterial cells lying in proximity to exchange surface molecules was reported to be utilized by various species (e.g., Kudryashev et al., 2011 and Nudleman et al., 2005) . A prominent example is the ability of Myxococcus xanthus gliding cells to exchange outer membrane lipoproteins and thus enable the transient complementation of mutants in gliding motility (Nudleman et al., 2005) . Here, we show that phages exploit this cell-to-cell exchange of surface molecules to expand their host range. Interestingly, we observed that phi29 that requires gTA also binds to MVs. We suggest that MVs could transfer gTA components or precursors, prior to gTA translocation from the membrane to the cell wall (Brown et al., 2013) .
The notion of ASEN can be broadened to additional host-pathogen systems. Intriguingly, it has been shown for several viruses that expression of virus receptor in non-host cells could alter the tropism of a given virus (e.g., Ren et al., 1990) . A striking example is the human poliovirus that can infect and propagate within transgenic mice, expressing its human receptor (Ren et al., 1990) . By analogy, it is alluring to hypothesize that exchange of surface molecules between cells in the body, e.g., via exosomes (Thé ry et al., 2002) , can broaden virus infection and tropism. Our work indicates that, similarly to the remarkable arsenal of entry and spreading strategies employed by viruses (Sattentau, 2008) , phages utilize alternative, as yet unidentified, non-canonical spreading mechanisms. We hypothesize that these mechanisms could expedite the infection process and promote phage spread within cells of the same and different species.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS
Details on Bacterial Strain Construction B. subtilis strains were derivatives of the wild-type PY79 (Youngman et al., 1984) . ET2 (amyE::tet) was constructed by transforming pGD19 into PY79. ET3 (thrC::Ppen-lacID11-cfp-mls) was constructed by transforming gDNA from strain GSY1000 [(Jakutyt _ e et al., 2011) a gift from Paulo Tavers, Gif-sur-Yvette, CNRS] into PY79. ET6 (DyueB::tet) was constructed using Gibson assembly kit (NEB, USA) utilizing primers yueB::tet-P1-P4. ET7 (amyE::P xyl -gfp-gp17.1(SPP1)-cm) was constructed by integrating pET7 into PY79. ET9 (amyE::P xyl -gfp-gp8(phi29)-cm) was constructed by transforming pET9 into PY79. ET12 (DcomK::spc) was constructed by transforming gDNA from strain BD4263 [(van Sinderen et al., 1995) a gift from David Dubnau, USA] into PY79. ET13 (amyE::P hyper-spank -yueB-yfp -spc) was constructed by transforming pET13 into PY79. ET30 (DgtaB::tet) was constructed using Gibson assembly kit (NEB, USA) utilizing primers gtaB::tet-P1-P4. ET31 (thrC::Ppen-lacID11-cfp-mls, sacA::PvegmCherry) was constructed by sequential transformation of gDNA from GSY1000 and BDR2637 strains into PY79. ET32 (DgtaB::tet, sacA::Pveg-mCherry) was constructed by transforming gDNA from strain BDR2637 into ET30. ET39 (DgtaB::tet, amyE::P xyl -gfpgp8(phi29)-cm, sacA::Pveg-mCherry) was constructed by sequential transformation of gDNA from strains ET9 and BDR2637 into ET30. ET60 (DyueB::spc) was constructed using Gibson assembly kit (NEB, USA) utilizing primers yueB::spc-P1-P4. ET63 (DyueB::tet, thrC::Ppen-lacID11-cfp-mls) was constructed by transforming gDNA from strain ET3 into ET6. ET64 (amyE::P hyper-spank -lysin-SPP1 -yfp -spc) was constructed by transforming pET64 into PY79. ET65 (DyueB::tet, pBT163-cm, mls) constructed by transforming pBT163 into ET6. ET67 (DyueB::tet, amyE::P xyl -gfp-gp17.1(SPP1)-cm, sacA::Pveg-mCherry) was constructed by sequential transformation of gDNA from ET7 and BDR2637 strains into ET6. ET123 (amyE::Pxyl-yueB-spc) was constructed by transforming pET123 into PY79. ET163 (pBT163-cm, mls) was constructed by transforming pBT163 into PY79. ET306 (DgtaB::tet, DyueB::spc) was constructed by transforming gDNA from strain ET30 into ET60. ET316 (DgtaB::tet, amyE::P rrnE -gfpspc) was constructed by transforming gDNA from strain AR16 into ET30. ET362 (DgtaB::tet, DyueB::tet, amyE::P rrnE -gfp-spc) was constructed by transforming gDNA from strain AR16 into ET306. ET612 (DyueB::tet, DcomK::spc) was constructed by transforming gDNA from strain ET12 into ET6. ET616 (DyueB::tet, amyE::P rrnE -gfp-spc) was constructed by transforming gDNA from strain AR16 into ET6. OS4 (Bacillus pumilus wild-type isolate) is a natural isolate. B. pumilus 16S rDNA sequencing was conducted using primers 7F and 1511R.
Details on Plasmid Construction
Plasmid constructions were performed in E. coli DH5a using standard methods. pND1 (pT7-Lysin-SPP1) was constructed by amplifying p051 gene from gDNA of SPP1 phage, using primers Lysin-U-BamHI and Lysin-L-XhoI. The PCR-amplified DNA was digested with BamHI and XhoI and was cloned into pET28b digested with the same enzymes. pET7 (amyE::P xyl -gfp-gp17.1(SPP1)-cm) was constructed by amplifying the gp17 from gDNA of SPP1 phage, using primers gp17.1-U-NotI and gp17.1-L-BamHI. The PCR-amplified DNA was digested with NotI and BamHI and was cloned into pET18 (Gueiros-Filho and Losick, 2002) digested with the same enzymes. pET9 (amyE::P xyl -gfp-gp8(phi29)-cm) was constructed by amplifying the gp8 from gDNA of phi29 phage, using primers gp8-UNotI and gp8-L-BamHI. The PCR-amplified DNA was digested with NotI and BamHI and was cloned into pET18 digested with the same enzymes. pET13 (amyE::P hyper-spank -yueB-yfp-spec) was constructed by amplifying the yueB from gDNA of B. subtilis strain (PY79), using primers yueB-U-SalI and yueB -L-NheI. The PCR-amplified DNA was digested with SalI and NheI and was cloned into pDR111 digested with the same enzymes. pDR111 is a gift from D. Rudner (Harvard U). pET64 (amyE::P hyper-spank -lysin-SPP1 -yfp -spc) was constructed by amplifying the lysin-SPP1 -yfp from gDNA of SPP1-lysin-yfp phage, using primers Lysin-Yfp -U-SalI and Lysin-Yfp -L-SphI. The PCR-amplified DNA was digested with SalI and SphI and was cloned into pDR111 digested with the same enzymes. pET123 (amyE::P xyl -yueB-spec) was Constructed by amplifying the yueB with 19 bp upstream to the gene (Jakutyt _ e et al., 2011) from gDNA of B. subtilis strain (PY79), using primers yueB-U-BamHI and yueB -L-SphI. The PCR-amplified DNA was digested with BamHI and SphI and was cloned into pDR150 digested with the same enzymes. pDR150 is a gift from D. Rudner (Harvard U).
All primers used in this study are listed in Table S1 METHOD DETAILS
General Growth Conditions
Bacterial cultures were inoculated at OD 600 0.05 from an overnight culture and growth was carried out at 37 C in LB medium supplemented with 5 mM MgCl 2 and 0.5 mM MnCl 2 (MMB) (Harwood and Cutting, 1990) in mild shaking (30 rpm). All mixing experiments were carried out in R:S ratio of 1:10 for growth, and 1:5 for microscopy analysis unless indicated otherwise. R+S mixed cultures were grown for 2 hr prior to phage addition. For Lysin-spp1 -YFP analysis (Figure 2A and Figure S2D -S2G), cell were mixed together in 1:1 ratio immediately before chloroform addition. For induction of the P hyper-spank -yueB-yfp and P hyper-spank -lysin -SPP1 -yfp fusions, Isopropyl-b-D-thiogalactopyranoside (IPTG) concentration was 0.5 mM. For induction of the P xyl-yueB, xylose concentration was 0.5%. For cell lysis by Lysin-spp1 -YFP, chloroform was added to a final concentration of 10%.
Phage Lysis and Transduction
Phage lysate was prepared by adding approximately 10 9 phages to mid-log cells grown in MMB until the culture was completely cleared. Next, the lysate was filtered through 0.45 mm or 0.22 mm Millipore filter. For lysis dynamic and microscopy experiments, approximately 10 9 phages were added to mid-log growing cells at multiplicity of infection (MOI = 2) and OD 600 was monitored using Wallac Victor 2 multiwell fluorometer (Perkin Elmer) at 37 C set with a constant shaking (3 mm orbital, slow speed). In parallel, CFU was monitored every 30 min. Efficiency of plating on ET123 (P xyl -YueB) cells was calculated as [PFU of a given lysate on ET123 cells / PFU of the same lysate on WT (PY79) cells].
For transduction experiments, lysates were prepared from a given donor strain as describe above. All lysates for transduction were treated with DNase I (Sigma Aldrich) 200 ng/mL for 20 min at RT. Recipient strains were grown to OD 600 1, and cells (1 mL) were mixed with 100 ml of lysate (PFU$10 9 ) and 9 mL of MMB and incubated at 37 C without shaking for 20 min. Subsequently, cells were centrifuged and spread on selective plates supplemented with 10 mM sodium citrate (Clokie and Kropinski, 2009) . For assessing the ability of R1 cells to serve as donors for transduction, R1 cells, carrying the tested genetic marker (genomic marker, pBT163 or pBG7), were mixed with S cells (R1:S 1:10), and the mixture was grown for 2 hr. Next, SPP1 was added and the lysate was used for transduction of S cells. For assaying the ability of R1 cells to serve as recipients for transduction, a mixed culture (R1:S 1:10) was grown to OD 600 1, and then transduced with lysate made from ET163, containing pBT163, as a donor strain. For assessing the ability of MVs to promote ASEN, R cells were grown to OD 600 0.5, centrifuged, and resuspended in purified MVs in LB up to the same volume. Cells were grown for an additional hour and then transduced with SPP1-pBT163 lysate. For assaying the ability of cell lysate to promote ASEN, R cells were grown to OD 600 0.5, cells were centrifuged and resuspended in SPP1 lysate, filtered with 0.45 or 0.22 mm Millipore filter, up to the same volume. Cells were grown for an additional hour and then transduced with SPP1-pBT163 lysate.
Phage Lysin Purification
For Lysin-SPP1 production, SPP1 gene p051 was cloned into pET28b vector harboring His 6 tail, and the plasmid was transformed into E. coli BL21 (DE3)/pLysS (Invitrogen). Cells were grown in LB containing 30 mg/mL kanamycin, and protein synthesis was induced with 1 mM IPTG for 4 hr at 37 C. Cells were then pelleted, resuspended in lysis buffer (300 mM NaCl, 50 mM NaH 2 PO 4 , 10 mM Imidazole, 5 mg/mL DNaseI, 0.2 mg/mL AEBSF Hydrochloride (Calbiochem), [pH 8.0]), and disrupted by glass beads (Lysing Matrix B Balk 6540-428MP) using FastPrep 24. The supernatant was batch-bound to Ni-NTA resin (QI) equilibrated in wash buffer (300 mM NaCl, 50 mM NaH 2 PO 4 , 20 mM Imidazole, [pH 8.0] ). The batch-bound supernatant was poured over a column, washed twice in wash buffer containing 40 mM Imidazole and then eluted in elution buffer (300 mM NaCl, 50 mM NaH 2 PO 4 , 250 mM Imidazole, [pH 8.0] ) at 4 C. Eluted fractions that contained more than 0.5 mg/mL protein were pooled and used for further investigation.
Determination of Lysin-SPP1 MIC MIC was determined by inoculating 20 mL cells (OD 600 0.8) into 200 mL of LB containing serial 2-fold dilutions of Lysin-SPP1 ranging from 180 mg/mL to 1.4 mg/mL in a 96-well plate. The cells were grown for 3 hr and OD 600 was monitored using Wallac Victor 2 multiwell fluorometer (Perkin Elmer) set at 37 C with a constant shaking (3 mm orbital, slow speed), until control cells reached OD 600 2. Growth was defined as OD 600 > 0.05.
Fluorescence Microscopy
For fluorescence microscopy, bacterial cells (0.5 mL, OD 600 0.5) were centrifuged and suspended in 50 mL of MMB. For time lapse microscopy, bacteria were placed over 1% MMB agarose pad and incubated in a temperature controlled chamber (Pecon-Zeiss) at 37 C. Samples were photographed using Axio Observer Z1 (Zeiss), equipped with CoolSnap HQII camera (Photometrics, Roper Scientific). System control and image processing were performed using MetaMorph 7.4 software (Molecular Devices).
Construction of Fluorescent Phages SPP1 DNA was extracted using Phage DNA Isolation Kit (Norgen Biotek Corp). SPP1 was assembled from 4 DNA fragments (10-12 kb), lacking gp51, amplified using KAPA HiFi HotStart PCR Kit (Kapa Biosystems). gp51 was added as gp51-yfp fragment and SPP1 DNA was assembled in vitro using Gibson assembly master mix (New England Bio labs), and transformed into PY79 using a standard procedure (Harwood and Cutting, 1990) . The constructed phage was subjected to whole genome sequence analysis (Illumina), to confirm the correct insertion of the yfp and the assembly of the fragments (yfp was inserted at position 21654). Cells were plated on MMB plates, and plaques were tested for their fluorescence and infection capability.
FISH and Immunofluorescence Analyses FISH probes were generated by PCR amplification of approximately 500 bp region with fluorescently labeled nucleotides (ChromaTide Alexa Fluor 488-5-UTP, Molecular Probes) according to the manufacturer's instructions. Twelve fluorescently labeled probes spanning 6 kb of SPP1 DNA were mixed and used in FISH procedure. Cells were grown for 2 hr and then SPP1 was added. After 45 min, cells were fixed with 3.7% formaldehyde and FISH was conducted, followed by immunofluorescence as described previously (Bejerano-Sagie et al., 2006) . Immunofluorescence was carried out using a polyclonal anti-GFP antibody (1:500 dilution) followed by a Cy3 secondary antibody (1:200 dilution, Jackson ImmunoResearch).
ConA Labeling and Flow Cytometry Analysis
Bacterial cultures were grown for 4 hr on LB plates, collected from the plates into PBSx1, washed (x1) and resuspended in 1 mL PBSx1. Concanavalin A (ConA)-conjugated Alexa Fluor 488 or 647 (Invitrogen) was dissolved in 0.1 M sodium bicarbonate (pH 8.3) to 5 mg/mL stock solution. ConA was added to the cell suspension to a final concentration of 200 mg/mL, and the mixture was incubated in the dark at RT for 30 min. Cells were washed 3 times and resuspended in PBSx1 for microscopy analysis. For flow cytometry analysis, cells were resuspended in FACSmax Cell Dissociation Solution (Genlantis) to eliminate cell clumping (Pande et al., 2015) . The ConA labeling was measured by flow cytometry using an Eclipse fluorescence-activated cell sorter (FACS) analyzer (Icyte, USA). Analysis of raw data was performed using the FlowJo 7.6.5 software (TreeStar, USA).
FRAP Analysis
For YueB-YFP analysis, ET13 (P hyper-spank -yueB-yfp) cells were grown in the presence of IPTG to mid-logarithmic phase. Cell were placed on 1% LB agarose pad containing IPTG, and incubated in a temperature controlled chamber at 37 C (Pecon-Zeiss) for 1 hr. Next, chloramphenicol was added at a final concentration of (15 mg/mL), and cells were incubated for an additional 1 hr. Bleaching was performed using 488 nm laser beam (10 mW) at 30% power and the regions were repeatedly bleached, 30 iterations within defined regions. Cells were photographed every 3 min using confocal microscope LSM700 (Zeiss). As a control, FRAP experiments were conducted on cells incubated in the presence of chloramphenicol from the start of the experiment. The kinetic of yueB-yfp synthesis within ET13 cells was determined as follows: cells were grown to mid logarithmic phase without IPTG, and placed on 1% LB agarose pad with IPTG, with or without chloramphenicol, and incubated in a temperature controlled chamber (Pecon-Zeiss) at 37 C. Cells were photographed every 3 min using confocal microscope LSM700 (Zeiss). For ConA FRAP analysis, cells were stained as described above, placed over a glass slide and regions were bleached and photographed as described for YueB-YFP. System control and image processing were carried out using Zen software version 8.0 (Zeiss).
Phage DNA Labeling and Adsorption Assays For DNA labeling, phages (SPP1, phi29, SPO1) were mixed with 4,6-Diamidino-2-phenylindole (DAPI) (Sigma) at 2 mg/mL, for all 3 phages in MMB medium, or SYTOX orange (Invitrogen) 5 mM diluted 1:5x10 4 in SM buffer [100 mM NaCl, 8 mM MgSO 4 , 50 mM Tris HCl (1M pH7.5 stock solution), 0.01% gelatin] for SPP1 (Van Valen et al., 2012) . Labeled phages were dialyzed to remove excess dye using Slide-A-Lyzer MINI Dialysis Devices (Pierce Biotechnology). Lysate was placed in the dialysis tube and gently rolled inside 50 mL tube filled with MMB medium or SM buffer for 4 hr. For phage adsorption, 500 ml of mid-log growing cells were mixed with 10 ml stained lysate and centrifuge for 3 min in 8000 rpm to pellet the cells. Adsorption occurred during cell centrifugation. Next, supernatant was removed and cells were suspended in 50 ml medium for microscopic analysis. Resistant cells, positive for phage adsorption, were counted manually. Prolong incubation of resistant cells with labeled phages for 10 min prior to centrifugation concluded with the same results.
MV Purification
B. subtilis cells were grown in mild shaking (30 rpm) to O.D 600 1, and the cells were centrifuged for 20 min at 4 C (15000 rpm). The resulting supernatant was then filtered through a 0.22 mm Milipore Express Plus Membrane, and the filtrate was concentrated using Amicon ultrafiltration system (Millipore) with 100 kDa filter. The concentrate was then further filtered through a 0.45 mm syringe filter (Millipore) to remove large cellular debris or aggregated material. The filtered supernatant was then centrifuged at (75000 g) for 1 hr at 4 C and washed with PBSx1. The vesicle pellet was resuspended in PBSx1 for EM analysis or in LB for transduction.
TEM Analysis for Observing Phage Attachment to MVs
For whole mount TEM analysis phages were precipitated in PEG NaCl (4% PEG8000, 0.5M NaCl). Phages were incubated on ice in for 30 min, centrifuged (13,000 rpm, 2 min), and resuspended in PBSx1 containing 10 mM MgCl 2 . Purified MVs were mixed with PEG purified phages in 37 C for 15 min. Grid-attached MVs+phages were washed with 0.1 M sodium cacodylate buffer (0.1 M, pH 7.2) and fixed with 2% glutaraldehyde in sodium cacodylate buffer (0.1 M, pH 7.2) for 2 min at 25 C. MVs were stained by 2% uranyl acetate (1-5 min). Cells were observed using Jeol, TEM 1400 plus with a charge-coupled device camera (Gatan Orius 600).
Immnuo-SEM
Purified MVs were placed on grids for 20 min and then fixed with 2% paraformaldehyde and 0.01% glutaraldehyde in sodium cacodylate buffer (0.1 M, pH 7.2) for 10 min at 25 C. Subsequently, grids (Mesh Copper Grids) were incubated in PBSx1 containing 1% BSA for 10 min at 25 C and washed twice with PBSx1. Next, grids were incubated for 1 hr at 37 C with rabbit anti-GFP polyclonal antibodies (1:250), diluted in PBSx1 containing 1% BSA. Grids were then washed three times with PBSx1 and incubated for 1 hr at 37 C with gold-conjugated goat anti-rabbit antibodies (Jackson, USA) (1:250) diluted in PBSx1. Grids were washed three times with PBSx1 and fixed with 2.5% glutaraldehyde in sodium cacodylate buffer (0.1 M, pH 7.2) for 1 hr at 25 C. Next, grids were washed gently with DDW, and cells were dehydrated by exposure to a graded series of ethanol washes [25%, 50%, 75%, 95%, and 100% (x2); 10 min each], followed by an overnight incubation in vacum. Specimens were imaged without coating by Magellan XHR SEM (FEI) using Low-voltage high-Contrast backscatter electron Detector (vCD).
QUANTIFICATION AND STATISTICAL ANALYSES
Unless stated otherwise, bar charts display a mean ± SD from at least 3 independent biological experiments, and p values were derived from unpaired two tailed t tests. Quantification of phage binding and MV labeling were done manually. Excel was used for all statistical analysis and data processing and presentation. Figure S1 . R Cells Can Be Lysed when Co-cultured with S Cells by Different Phages, Related to Figure 1 (A) R1 (ET6) cells were inoculated into: fresh medium (no SPP1), filtered (0.45 mm) SPP1 lysate (filtered lysate), or directly into lysed S (PY79) cell culture (crude lysate), and cell growth was followed by OD 600 . Of note, the slight growth reduction in cultures 2 and 3 is due to the inoculation into used medium. Shown are average values and standard deviation (SD) of 3 independent experiments. (B, C) R2 (DgtaB) (ET30) cells, resistant to phi29 and SPO1 (Figure 1A) , were grown alone or in a mixture with S (PY79) cells (R2:S 1:10) for 2 hr. Next, phi29 (B) or SPO1 (C) were added (t = 0), and cell growth was followed by OD 600 . Shown are average values and standard deviation (SD) of 3 independent experiments. (D, E) R2 (ET30) cells were mixed with S (AR16) cells harboring P rrnE -gfp (R2:S 1:5). Next, phi29 (D) or SPO1 (E) phages were added (t = 0), and cells were followed by time lapse microscopy. Shown are overlay images of phase contrast (blue) and GFP fluorescence from S cells (green), captured at the indicated time points. Arrows indicate lysis of R2 cells. Scale bars 3 mm. (B) R1 (DyueB:: tet) (ET6) cells were grown in a mixture with S (PY79) cells (R1:S 1:10) for 2 hr. Next, the mixture was transduced by SPP1-pBT163(cat) lysate, and R1 transductants was obtained by plating the cells on chloramphenicol (cm)+tetracycline (tet) plates. Twelve transductant colonies were picked, infected by SPP1, and OD 600 was measured. Shown is OD 600 of each transductant/OD 600 of R1 following 2 hr of infection. S (PY79) was infected in parallel as a control (Left panel). In parallel, transductant colonies were analyzed for the presence of the DyueB::tet allele by PCR using primers DyueB-control-U+ DyueB-control-L (Right panel). R1 and S are shown as controls. M, 1 kb DNA ladder (NEB). (C) R1 (DyueB::tet) (ET616) cells harboring P rrnE -gfp-spec were grown in a mixture with S (PY79) cells (R1:S 1:10) for 2 hr. As a control, S' (AR16) cells harboring P rrnE -gfp-spec were mixed with S cells (S':S 1:10). Next, the mixtures were infected by SPP1, and lysates were used to transduce S cells. Transduction unit (TRU) was calculated as number of spectinomycin resistant (Spec R ) colonies/mL. Shown are average values and standard deviation (SD) of 3 independent experiments. (D) R1 (DyueB::tet) (ET65) cells harboring pBT163 (cat) were grown in a mixture with S cells (R1:S 1:10) for 2 hr. Next, the mixtures were infected by SPP1, and lysates were used to transduce S (PY79) cells or S (ET12) cells lacking comK. Transduction unit (TRU) was calculated as number of chloramphenicol resistant (cm R ) colonies/mL. Shown are average values and standard deviation (SD) of 3 independent experiments.
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(E) R1 (DyueB::tet) (ET6) or R1 (yueB::tet, DcomK::spc) (ET612) cells were grown in a mixture with S (PY79) cells (R1:S 1:10) for 2 hr. Next, the mixtures were transduced by SPP1-pBT163 (cat) lysate, and the number of 
